1842
). Nevertheless, the concept of PCD has been theorized as late as in 1964, thanks to the milestone work of Sir Richard Lockshin, 5 and the implication of mitochondria in the control of cellular demise has not emerged until the 1990s, [6] [7] [8] [9] when the morphological manifestations of a particular form of PCD, apoptosis, were known 10, 11 but the underlying molecular mechanisms were largely ignored. 12, 13 Since then, great efforts have been made toward a more refined understanding of the molecular circuitries that bridge mitochondria and the regulation of stress responses at the cell-wide level. 14 This crosstalk may culminate in the re-establishment of homeostasis or, when stress is excessive and the associated damage is beyond recovery, in the activation of several mechanisms of cellular demise, including apoptosis and regulated necrosis. 12, 15 In essence, mitochondria occupy a key position in the management of several cellular functions, including physiological metabolism, stress responses, and cell death. Intriguingly, several mitochondrial components that operate as cell death regulators also exert cell death-unrelated functions. 16, 17 This might reflect the evolutionary origin of mitochondria (which, according to the endosymbiotic hypothesis, have evolved from proteobacteria engulfed by protoeukaroytic cells) 18 or their need to centralize a wide array of molecular functions within a relatively small number of proteins. 17 Here, we provide an overview of the metabolic circuitries whereby mitochondria sustain the survival of eukaryotic cells, the signaling pathways by which mitochondria coordinate the cell response to stress, as well as the molecular mechanisms that bridge mitochondrial functions to the execution of PCD, focusing, whenever appropriate, on the relevance of such pathways for cardiovascular health and disease.
Mitochondrial Role in Metabolism
The major contribution of mitochondria to the cellular metabolism is based on their capacity to generate ATP in a highly efficient, O 2 -dependent fashion, starting from the glycolytic product pyruvate. 4, 19, 20 Thus, in the presence of oxygen, pyruvate (rather than being converted into lactate and secreted, as it occurs during anaerobic glycolysis) is imported into the mitochondrial matrix and feeds the Krebs cycle, which is also known as tricarboxylic acid or citric acid cycle. The Krebs cycle not only generates energized nucleotides (de facto slightly increasing the bioenergetic efficiency of anaerobic glycolysis) but also drives the accumulation of reduced NADH into the mitochondrial matrix. 19 Through a concerted series of redox reactions catalyzed by 4 multisubunit enzymes embedded in the mitochondrial inner membrane (ie, respiratory complexes I-IV) and 2 diffusible factors (ie, cytochrome c, coenzyme Q10) that function as electron shuttles within the mitochondrial intermembrane space (IMS), NADH is oxidized by O 2 concomitant with the extrusion of protons into the IMS. This biochemical cascade is known as oxidative phosphorylation and generates the electrochemical gradient that is used by the F 1 F O -ATP synthase to generate the bulk of intracellular ATP stores. 4, 20 However, the metabolic functions of mitochondria are not limited to those ensured by the Krebs cycle and oxidative phosphorylation. The compartmentalized ultrastructure of mitochondria provides an optimal microenvironment for many other biosynthetic and catabolic pathways. The first is β oxidation. Once fatty acids are imported into mitochondria by the fatty acyl-coenzyme A synthetase and the carnitine shuttle, 4 distinct enzymatic activities ensure their degradation into acetylcoenzyme A units, which feed the Krebs cycle. 21 Importantly, β oxidation constitutes the most prominent source of energy in the adult mammalian heart, whereas glycolysis predominates in the fetal heart as well as in pathological conditions, such as hypertension, hypertrophy, and ischemia. 22 The second is heme biosynthesis. The Krebs cycle provides succinyl-coenzyme A for the generation of D-aminolevulinic acid (the precursor of heme), and the 3 final steps of the cascade are catalyzed by mitochondrial enzymes. 23 The third is steroidogenesis. Mitochondria host part of the mevalonate pathway, as well as 3 enzymes that participate in the conversion of cholesterol into mineralcorticoids, androgens, and estrogens. 24 The fourth is amino acid metabolism. On deamination by the urea cycle (also known as Krebs-Henseleit cycle, which ensures ammonium detoxification), amino acids can enter the Krebs cycle, either directly or at the level of pyruvate. 25 The fifth is the assembly of Fe/S clusters. Mitochondrial enzymes and scaffold proteins catalyze the generation of Fe/S clusters, which are then exported into the cytosol and incorporated into acceptor proteins. 26 The sixth is gluconeogenesis. Pyruvate carboxylase, the enzyme that converts pyruvate into oxaloacetate, is a mitochondrial enzyme, whereas phosphoenolpyruvic acid carboxykinase, which catalyzes the conversion of oxaloacetate into phosphoenolpyruvate, is evenly distributed between mitochondria and the cytosol. 27, 28 The seventh is ketogenesis. In liver cells, when the rates of β oxidation are high or when the activity of the Krebs cycle is reduced (because of the shortage of some intermediates), acetyl-coenzyme A is transformed in ketone bodies (ie, acetoacetate, acetone, and β hydroxybutyrate) entirely within mitochondria. 27 Of note, in ketotic conditions (ie, when the circulating levels of ketone bodies are high, such as during fasting), acetoacetate, acetone, and β hydroxybutyrate can be used efficiently by the heart for energy production. 29 The eighth is Ca 2+ storage. Together with the endoplasmic reticulum, mitochondria constitute the major storage compartment for intracellular Ca 2+ ions. Ca 2+ fluxes not only regulate the bioenergetic and anabolic metabolism but also impact on the activation of cell death pathways. 30, 31 Altogether, these examples underscore the notion that mitochondria are critical for multiple facets of the metabolism of the cell (Figure 1 ).
Mitochondrial Control of Stress Responses
In adverse conditions, cells activate a wide array of mechanisms to re-establish homeostasis and to repair stress-induced molecular damage. 14 response of cells to a wide number of perturbations, including oxidative stress and pathogen invasion. In addition, mitochondria play a critical role during autophagy in that they both can be the substrate of autophagic degradation (mitophagy) 32 or can be specifically spared by the autophagic machinery to ensure energy production during stress responses. 33, 34 In the majority of eukaryotic cells, the mitochondrial respiratory chain, notably at the level of complex I and complex III, constitutes the most prominent source of intracellular reactive oxygen species (ROS), even in baseline conditions. 35 Thus, ROS constitute a normal side product of respiration, they are required for several intracellular signaling pathways, 36 as well as other oxidized species such as organic hydroperoxides and peroxynitrites; thioredoxin, acting as an efficient reducing agent, thanks to a highly conserved CXXC motif that can be restored by thioredoxin reductase; glutathione, a tripeptide with intrinsic antioxidant properties that can be recycled on reduction by glutathione reductase; glutathione peroxidase, an enzyme that uses the reducing equivalents of glutathione for converting H 2 O 2 into H 2 O and organic hydroperoxides into the corresponding alcohols; and, simply, thiol-containing proteins, which are endowed with the capacity to buffer ROS by forming oxidized disulfide bonds. 37 Extramitochondrial sources of ROS include xanthine oxidase, which catalyzes In the healthy adult heart, β oxidation constitutes the most prominent source of acetyl-CoA molecules for the generation of ATP via the TCA cycle and oxidative phosphorylation. Conversely, glycolysis predominates in the fetal heart as well as during pathological states, such as hypertension, hypertrophy, and ischemia. Of note, in ketotic conditions (ie, when the circulating levels of acetoacetate, acetone, or β hydroxybutyrate are high), the heart can efficiently use such liver-derived ketone bodies, rather than fatty acids, for energy production. α-KGDH indicates α-ketoglutarate dehydrogenase; ACDH, acyl-CoA dehydrogenase; ACO, aconitase; ALD, aldolase; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; β-HDBDH, β-hydroxybutyrate dehydrogenase; CoA, coenzyme A; Cyt c, cytochrome c; ECH, enoyl-CoA hydratase; ENO, enolase; G3PDH, glyceraldehyde-3-phosphate dehydrogenase; HCDH, 3-hydroxyacyl-CoA dehydrogenase; HK, hexokinase; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGCL, HMG-CoA lyase; HMGCS, HMG-CoA synthase; IDH, isocitrate dehydrogenase; IMS, mitochondrial intermembrane space; MDH, malate dehydrogenase; OTC, ornithine transcarbamylase; PDH, pyruvate dehydrogenase; PFK1, phosphofructokinase-1; PGI, phosphoglucose isomerase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; PK, pyruvate kinase; SDH, succinate dehydrogenase; Q 10 , Q 10 coenzyme. (Illustration credit: Ben Smith.) the oxidation of hypoxanthine to xanthine (1 step in the catabolism of purines), 38 multicomponent nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, such as NOX1, 39 as well as enzymes of the cytochrome P450 family. 40 In the cardiovascular system, extramitochondrial sources of ROS account for a consistent proportion (if not for the majority) of the intracellular ROS content. 41 As a consequence of oxidative stress, be it endogenous (ie, attributable to self-generated ROS) or exogenous (ie, attributable to extracellular ROS), mitochondria undergo several functional adaptations. For instance, in response to ROS, mitochondrial thiols become rapidly oxidized, a modification that influences the activity of various mitochondrial proteins like the adenine nucleotide translocase (ANT). 42, 43 ANT normally mediates the exchange of ADP and ATP between the cytosol and the mitochondrial matrix. 44 This enzymatic activity gets impaired on oxidization, resulting in intramitochondrial ADP shortage and inhibited F 1 F O -ATP synthase. 45 Furthermore, several proteomic changes are rapidly triggered in mitochondria by oxidative stress, including the upregulation of (part of) the antioxidant systems listed above as well as of several molecular chaperons that counteract ROS-induced protein unfolding. 46, 47 Altogether, these adaptations maximize the ROS-buffering capacity of mitochondria (and of other cellular compartments), thus allowing the re-establishment of homeostasis in response to mild oxidative stress. However, if oxidative stress persists and the associated molecular damage (ie, lipid peroxidation, protein misfolding, mitochondrial DNA mutations) is beyond recovery, then mitochondria can translate such an adaptive response into the activation of cell death. Several stimuli can trigger ROS overgeneration in cells from the cardiovascular system, including hyperglycemia, 48 hypoxia, 49 and the presence of inflammatory cytokines, such as tumor necrosis factor-α. 50 Importantly, such a deregulated ROS production contributes to the pathogenesis of a plethora of cardiovascular disorders, even in the absence of massive cell death induction. The diseases include, but are not limited to, congestive heart failure, left ventricular hypertrophy, coronary heart disease, and cardiac arrhythmias. 51 In response to infection by viruses, intracellular bacteria, and some eukaryotic parasites, cells activate a series of mechanisms that aim at clearing the invading pathogen and alerting neighboring uninfected cells. These defense strategies belong to innate immunity, because they are not based on the recognition of specific antigens by the immune system, but rather of pathogenassociated molecular patterns, such as double-stranded RNA or lipopolysaccharide. 52 Pathogen-associated molecular patterns are normally detected by so-called pattern recognition receptors, including plasma membrane-embedded and intracellular members of the Toll-like receptor and NOD superfamilies, 53, 54 as well as melanoma differentiation-associated 5 (MDA-5) and retinoic acid-inducible gene 1 (RIG-I), 2 cooperating intracellular sensors of viral RNA. 55 Most often, activated pattern recognition receptors signal via various intermediates, including myeloid differentiation primary response gene 88 (MYD88), to transcription factors such as interferon regulatory factor (IRF)-3, and nuclear factor-κB (NF-κB), underlying the synthesis of high amounts of antiviral interferons, notably interferon β. 56, 57 Mitochondria play a multifaceted and critical role in the elicitation of innate immune responses. 58 First, mitochondria provide a scaffold for RIG-I signaling to NF-κB via the mitochondrial antiviral signaling protein (MAVS), 59 translocase of outer mitochondrial membrane 70 (TOM70) (a translocase of the mitochondrial outer membrane [OM]) appears to be required for optimal IRF-3 activation by MAVS, 60 and mitofusin 2 (a mitochondrial protein regulating fusion) is a direct MAVS inhibitor. 61 In line with these notions, the knockdown of MAVS and TOM70 by RNA interference abolished the Sendai virusinduced activation of NF-κB and IRF-3 in human embryonic kidney (HEK)-293T cells and allowed for viral replication. 59, 60 Second, several other components of the innate immune system either translocate to mitochondria on activation (such as TNFR-associated factor 6 [TRAF-6], during the macrophagic response to engulfed bacteria, and immunity-related GTPase family, M [IRGM], which drives a mitochondrial fissiondependent autophagic pathway for the clearance of invading bacteria) 62, 63 or are localized at mitochondria in physiological conditions, such as the pattern recognition receptor NLR family member X1 (NLRX1). 64 Third, mitochondrial DNA has been recently shown to be required for the optimal activation of the NLR family, pyrin domain containing 3 (NLRP3) inflammasome (a supramolecular platform catalyzing the maturation of proinflammatory interleukins, such as interleukin-1β and interleukin-18) in response to lipopolysaccharide. 65, 66 Fourth, mitochondrial alarmins, including mitochondrial DNA and formyl peptides, constitute prominent damage-associated molecular patterns and, hence, can activate strong inflammatory reactions once released into the extracellular space as a result of cell death. 67 Interestingly, IMS proteins that, once released in the cytosol, trigger the execution phase of apoptosis (eg, cytochrome c) might be viewed as intracellular alarmins and, hence, as part of a cell-intrinsic innate mechanism that ensures the elimination of cells with damaged mitochondria. 68 Intriguingly, mice lacking NLRP3 are more susceptible to infection by endocarditis-associated bacteria, such as group B Streptococci. 69 Furthermore, the inflammasome appears to be required for maintaining intestinal bacteria, including potentially cardiotoxic Enterococci, under control. 70 Nevertheless, a direct link between mitochondria as regulators of innate immunity and cardiovascular diseases has not yet been unveiled.
Macroautophagy (often and hereafter referred to as autophagy) is a catabolic pathway leading to the lysosomal degradation of cytoplasmic structures (including organelles, portions of the cytoplasm, and invading pathogens). 71, 72 Baseline levels of autophagy ensure the turnover of old, ectopic, and damaged intracellular components. 73 In addition, autophagy gets upregulated as a cytoprotective mechanism in response to a wide array of stressful conditions, including nutrient deprivation, hypoxia, and the presence of toxic xenobiotics, such as anticancer agents. 14 Autophagy is involved in several physiological processes, including development and differentiation. 74 Furthermore, defects in the autophagic machinery play a pathological role in various settings, such as aging, neurodegenerative disorders, and cancer. 73, 75, 76 The relationship between mitochondria and the stress response centered around autophagy is dual ( Figure 2) .
First, mitochondria can be the selective target of autophagy (which in this case is called mitophagy). 32 Mitophagy is particularly relevant for the disposal of damaged mitochondria, which are potentially dangerous for the cells in that they often October 12, 2012 overproduce ROS (in the absence of ATP synthesis) and are prone to become fully permeabilized (hence leading to the release of cell death inducers). 13, 75 In line with this notion, Pink1 −/− mice (lacking a mitochondrial serine/threonine kinase involved in mitophagy) develop left ventricular dysfunction and evidence of pathological cardiac hypertrophy early in life. 77 Furthermore, mitophagy recently has been shown to underlie the cardioprotective effects of ischemic preconditioning. 78, 79 Taken together, these observations suggest that the clearance of damaged (and hence potentially harmful) mitochondria by mitophagy is critical for the avoidance of both chronic and acute cardiovascular disorders.
Second, mitochondria actively contribute to the autophagic response by multiple mechanisms. Mitochondrial membranes (together with the endoplasmic reticulum) are believed to be the source of the phagophore, ie, the first organelle that forms to mediate autophagic sequestration. 80 Mitochondrial ROS appear to be required for some forms of autophagy, 81 notably hypoxia-induced mitophagy as mediated by the AMP-activated protein kinase (AMPK), [82] [83] [84] although the underlying molecular mechanisms have not yet been entirely elucidated. In conditions of nutrient deprivation, a pool of mitochondria elongates is spared from degradation and sustains cell viability during the autophagic response. 33, 34 Finally, it recently has been shown that ρ 0 yeast cells (ie, yeast cells lacking mitochondrial DNA because of prolonged culture in ethidium bromide) exhibit defects in both the autophagic flux and the induction of autophagic genes, 85 further strengthening the notion that mitochondria and autophagy are intimately interconnected.
Mitochondrial Regulation of Cell Death
According to currently accepted models, PCD can be executed by multiple signaling pathways, differing from each other not only in their molecular constituents but also in their morphological manifestations, biochemical features, and immunological consequences at the organismal level. [10] [11] [12] The best-characterized among these pathways are intrinsic apoptosis, extrinsic apoptosis, and regulated necrosis. The mitochondrial control of extrinsic apoptosis is limited, ie, mitochondria provide an amplificatory loop for caspase activation but are not strictly required for the execution of cell death. Conversely, mitochondrial permeabilization is indispensable for intrinsic apoptosis and for many instances of regulated necrosis to proceed to completion (Figure 3) . 12, 13, 15 Extrinsic apoptosis is ignited by either the ligand-induced oligomerization of transmembrane proteins of the death receptor superfamily (eg, FAS/CD95, tumor necrosis factor receptor 1) 86 or when the extracellular concentrations of specific trophic factors (eg, netrin-1) fall below a certain threshold, leading to the transduction of lethal signals by the so-called dependence receptors (eg, unc-5 homolog A [C. elegans] [UNC5A], deleted in colon cancer [DCC]). 87 On oligomerization, the cytoplasmic tails of death receptors drive the assembly of a multiprotein complex known as death-inducing signaling complex, eventually leading to the activation of the proapoptotic caspase-8→caspase-3 cascade. 88 In some cell types such as lymphocytes, known as type I cells, the caspase cascade executes cell death in the absence of primary mitochondrial involvement. 89, 90 On the contrary, in so-called type II cells (including hepatocytes), active caspase-8 catalyzes the proteolytic cleavage of the B-cell lymphoma-2 (BCL-2) family member BID, leading to the generation of a mitochondrion-permeabilizing peptide known as truncated BID. 91, 92 In line with this notion, FAS-induced hepatocellular apoptosis is inhibited in Bid −/− mice, 93 demonstrating that mitochondrial OM permeabilization (MOMP), besides constituting a point of no return during intrinsic apoptosis, provides a contribution to some instances of extrinsic apoptosis (ie, as triggered by death receptors in type II cells) that cannot be ensured by the sole caspase-8→caspase-3 cascade. Conversely, so far no obvious links between dependence receptor-ignited extrinsic apoptosis, which appears to be transduced by the adaptor protein DRAL and caspase-9, 94 and mitochondria have been described.
Intrinsic apoptosis can be initiated by a wide variety of intracellular perturbations (eg, DNA damage, oxidative stress, cytosolic Ca 2+ overload, endoplasmic reticulum stress). 13 Despite the heterogeneous signaling pathways that sense such Figure 2 . Dual cross-talk between autophagy and mitochondria. On one hand, damaged or partially permeabilized mitochondria are selectively degraded by the autophagic machinery, a physiological mechanism that is critical for the maintenance of intracellular homeostasis. The removal of damaged (and, hence, potentially harmful) mitochondria by mitophagy has recently been shown to be critical for the cardioprotective effects of ischemic preconditioning as well as for the avoidance for chronic cardiac disorders. On the other hand, mitochondria participate in stress-induced autophagy (at least) by 3 mechanisms: (1) by contributing lipids and proteins to forming phagophores; (2) by providing proautophagic reactive oxygen species (ROS); and (3) by elongating, avoiding autophagic degradation, and preserving ATP production during the stress response. DRP1 indicates dynaminrelated protein 1. (Illustration credit: Ben Smith.) perturbations (whose detailed description goes beyond the scope of this review), they are all connected to a mitochondrionorchestrated control mechanism. 95 Thus, when proapoptotic signals prevail, the OM loses its integrity, resulting in the immediate cessation of mitochondrial ATP synthesis as well as in the release of several potentially toxic IMS proteins into the cytosol. MOMP can originate at the OM because of the pore-forming activity of proapoptotic proteins of the BCL-2 family, such as BAX and BAK. 96 Alternatively, MOMP can be secondary to an abrupt increase in the permeability to small solutes of the mitochondrial inner membrane, a phenomenon that is known as mitochondrial permeability transition. 97 In the past, mitochondrial permeability transition was believed to derive from the opening of the so-called permeability transition pore complex, a supramolecular channel assembled at the junctions between the mitochondrial inner membrane and the OM. 97 However, so far gene knockout experiments in mice failed to attribute a critical role in the regulation of intrinsic apoptosis to putative components of the permeability transition pore complex, 98-100 casting doubts on the actual pathophysiological relevance of the permeability transition pore complex. One notable exception is constituted by cyclophilin D, whose absence has been demonstrated to limit (necrotic, not apoptotic) cell death in multiple in vivo settings, encompassing cardiac ischemia/reperfusion injury. 101, 102 Irrespective of the initiating pathway, MOMP results in the activation of caspase-dependent and caspase-independent mechanisms for the execution of cell death, the former including the well-known cytochrome c-triggered, APAF-1dependent and dATP-dependent assembly of the apoptosome, a supramolecular platform for the activation of the caspase-9→caspase-3 cascade. 103, 104 A precise description of the molecular determinants whereby MOMP engages cell death executioner mechanisms is beyond the scope of the present review and can be found elsewhere. 13 Still, it should be noted that all instances of intrinsic apoptosis rely on MOMP and, hence, A, Extrinsic apoptosis can be triggered by the ligation of death receptors, such as the tumor necrosis factor-α (TNFα) receptor-1 (TNFR1). This leads to the assembly of an intracellular multiprotein complex, including (among other components, which we purposely omitted for the sake of simplicity) pro-caspase-8, the receptor-interacting protein kinase 1 (RIPK1), and the adaptor protein FAS-associated with a death domain (FADD). Within such a complex, caspase-8 undergoes spatial proximity-induced autoactivation and, hence, becomes able to cleave several substrates, including RIPK1, its homolog RIPK3, and caspase-3, which coordinates the execution of cell death. B, Intrinsic apoptosis involves a central step of regulation that is mediated by mitochondria. Thus, in response to multiple distinct intracellular stress conditions, mitochondrial membranes can become permeabilized because of the pore-forming activity of proapoptotic members of the B-cell lymphoma-2 (Bcl-2) protein family, such as BAX and BAK. Alternatively, mitochondria can lose their structural integrity after the so-called mitochondrial permeability transition (MPT), a phenomenon that is initiated at the mitochondrial inner membrane. In both cases, permeabilized mitochondria allow for the release of potentially toxic proteins into the cytoplasm, including cytochrome c (Cyt c). Together with dATP and the adaptor protein apoptotic peptidase-associated factor 1 (APAF-1), cytoplasmic Cyt c drives the assembly of the socalled apoptosome, a supramolecular complex for the activation of pro-caspase-9. Eventually, active caspase-9 proteolytically processes pro-caspase-3, resulting in the execution of apoptotic cell death. In some (but not all) cell types, extrinsic and intrinsic apoptosis are interconnected by the BCL-2 homology 3 (BH3)-only protein BID, which can be converted by caspase-8 into a mitochondrionpermeabilizing fragment. C, One particular instance of regulated necrosis, also known as necroptosis, is triggered by TNFR1 ligation when caspases (in particular caspase-8) are inactive (for instance because of the presence of the caspase inhibitor Z-VAD-fmk). In these conditions, RIPK1 and RIPK3 engage in physical and functional interactions with mixed lineage kinase domain-like (MLKL) to form a multiprotein complex called necrosome. The necrosome stimulates regulated necrosis at the mitochondrial level by inhibiting adenine nucleotide transferase (ANT), by exacerbating glutaminolysis (and, hence, inducing the overgeneration of reactive oxygen species [ROS]), and by promoting mitochondrial fragmentation. Casp indicates caspase; DRP1, dynamin-related protein 1; GLUD1, glutamate dehydrogenase 1; MOMP, mitochondrial outer membrane permeabilization; PGAM5, phosphoglycerate mutase family member 5; tBID, truncated BID. (Illustration credit: Ben Smith.) October 12, 2012 are strictly controlled by mitochondria, 12 and the execution of intrinsic apoptosis often ensues an unsuccessful attempt of cells to reestablish homeostasis via cell-wide stress responses that are often orchestrated around mitochondria. 14 Although suspicions of the existence of regulated necrosis have permeated cell death research since the late 1990s, 105, 106 it was only in 2005 that this notion had gained full consensus, thanks to the discovery of a chemical inhibitor of necrosis with potential therapeutic applications, ie, necrostatin-1. 107 Necrostatin-1, which specifically inhibits the enzymatic activity receptor-interacting protein kinase 1 (RIPK1), 108 has constituted an invaluable tool for the elucidation of the signaling pathways that underlie a specific instance of regulated necrosis, ie, necroptosis. 15, 109 During the past few years, it has become clear that necroptosis (which was previously known to follow tumor necrosis factor receptor-1 ligation in the presence of chemical or genetic inhibitors of caspases) 105 almost always relies on the activation of RIPK1 and the functional and physical interaction of RIPK1 with its homolog RIPK3. [110] [111] [112] Until very recently, however, the signaling pathways engaged by the supramolecular complex containing RIPK1 and RIPK3 (the so-called necrosome) to execute regulated necrosis were largely unknown, as were the molecular cascades leading nonnecroptotic instances of regulated necrosis, 113 although several hints pointed to the involvement of mitochondria. 15 In particular, it had been observed that regulated necrosis: requires ROS (of both mitochondrial and extramitochondrial origin) 39, [114] [115] [116] and entails the accumulation of oxidized intermediates (such as membrane-damaging lipid hydroperoxides), 117 as well as of redox-active compounds (including advanced glycation end products); 118 can proceed along with the inhibition of ANT; can involve the overactivation of bioenergetic pathways, such as glutaminolysis (which is partially catalyzed within mitochondria); 112, 119 and can be mediated by a (perhaps calpain-dependent) signaling cascade that, in response to DNA damage, drives the release of apoptosis-inducing factor from the IMS, in turn resulting in the overactivation of the DNA damage-related enzyme poly(ADP-ribose) polymerase (PARP). [120] [121] [122] Very recently, Wang et al provided further insights into the proximal signaling cascade that is elicited by the necrosome 123 and demonstrated that the mitochondrial phosphatase phosphoglycerate mutase family member 5 (PGAM5) is also is implicated in multiple distinct pathways of regulated necrosis, because it recruits and activates the mitochondrial fragmenting factor dynamin-related protein 1. 124 These observations lend further support to the notion that mitochondria exert a key role in the control of regulated necrosis.
Until recently, apoptosis was considered as an important component in the pathogenesis of myocardial infarction and heart failure, 125 although it was known that the majority of cardiomyocytes respond to ischemic conditions by undergoing necrosis. Presumably, this was attributable to the fact that necrosis was believed to be uncontrollable and, hence, virtually useless from a therapeutic point of view. Along with the recognition of the wide pathophysiological relevance of regulated necrosis, the role of apoptosis in the pathogenesis of myocardial infarction and heart failure is being reconsidered. 126 Murine models of ischemia/reperfusion demonstrate that the pharmacological or genetic inhibition of proteins involved in regulated necrosis, including cyclophilin, 101, 102 RIPK1, 127 and PARP, 128 provides consistent cardioprotective effects. Such a conceptual shift has been paralleled by the discovery of human cardiac stem cells, 129, 130 de facto revolutionizing the conception of the heart as a merely postmitotic organ and paving new ways for the development of cardioregenerative strategies.
Conclusion
As overviewed in this article, throughout evolution mitochondria have changed their status from (symbiotic) parasites to essential regulators of metabolism, stress responses, and cell death. Intriguingly, multiple mitochondrial constituents (encompassing respiratory chain proteins and interactors, such as cytochrome c and apoptosis-inducing factor (AIF), putative components of the permeability transition pore complex like adenine nucleotide translocase, as well as several other proteins of the IMS) exert multiple independent activities and de facto regulate a continuum of physiological (metabolic) and pathological (homeostatic or lethal) processes. 16, 17 Thus, with a relatively small number of proteins, mitochondria operate as highly specialized cellular sentinels that continuously monitor the conditions of the cell to finely adapt its metabolic activity, to coordinate adaptive responses to stress, and to decide on its final and inexorable fate. Not bad for an intracellular bug.
Sources of Funding
The authors are supported by the Ligue contre le Cancer (équipe labellisée), AXA Chair for Longevity Research, Cancéropôle Ile-de-France, Institut National du Cancer Fondation Bettencourt-Schueller, Fondation de France, Fondation pour la Recherche Médicale, Agence National de la Recherche and the European Commission (Apo-Sys, ArtForce, ChemoRes. Death-Train), and the LabEx Immuno-Oncology.
